Abstract Caffeine is consumed in various forms during pregnancy, has increased half-life during pregnancy and crosses the placental barrier. Small for gestational age (SGA) is an important perinatal outcome and has been associated with long term complications. We examined the association between maternal caffeine intake and SGA using National Birth Defects Prevention Study data. Nonmalformed live born infants with an estimated date of delivery from 1997-2007 (n = 7,943) were included in this analysis. Maternal caffeine exposure was examined as total caffeine intake and individual caffeinated beverage type (coffee, tea, and soda); sex-, race/ethnic-, and parityspecific growth curves were constructed to estimate SGA births. Crude and adjusted odds ratios (aORs) and 95 % confidence intervals were estimated using unconditional logistic regression. Interaction with caffeine exposures was assessed for maternal smoking, vasoconstrictor medication use, and folic acid. Six hundred forty-eight infants (8.2 %) were found to be SGA in this analysis. Increasing aORs were observed for increasing intakes of total caffeine and for each caffeinated beverage with aORs (adjusting for maternal education, high blood pressure, and smoking) ranging from 1.3 to 2.1 for the highest intake categories (300? mg/day total caffeine and 3? servings/day for each beverage type). Little indication of additive interaction by maternal smoking, vasoconstrictor medication use, or folic acid intake was observed. We observed an increase in SGA births for mothers with higher caffeine intake, particularly for those consuming 300? mg of caffeine per day. Increased aORs were also observed for tea intake but were more attenuated for coffee and soda intake.
Introduction
Worldwide, caffeine is ingested in a variety of forms, the most common being coffee, tea, soda, chocolate, and certain nonprescription drugs [1] . In the United States, average caffeine intake is estimated at 91-109 mg/day (229-247 mg/day at the 90th percentile) among women of reproductive age, and 58 mg/day (157 mg/day at the 90th percentile) among pregnant women [2] . During pregnancy the half-life of caffeine is increased [3] , and can be as long as 15 h in the third trimester [4] . Caffeine also crosses the placental barrier [5] ; however, the main metabolic enzyme involved in caffeine metabolism, cytochrome P450 1A2, is not expressed in the fetus. As caffeine is the most common xenobiotic compound consumed during pregnancy [6] , it is important to understand its impact on the developing fetus.
Small for gestational age (SGA) has been associated with increased neonatal mortality and morbidity from polycythemia (increased red blood cells), hypoglycemia (low blood sugar), hypothermia (low body temperature), and other adverse health outcomes later in life-such as metabolic and cardiovascular disease in adulthood [7, 8] . SGA is generally characterized as a fetal or newborn birth weight below the 10th percentile [7] and is often used in clinical settings as a proxy for intrauterine growth restriction (IUGR) [8] . Although some studies have not found an association between maternal consumption of high levels of caffeine and delivering a small for gestational age and/or low birth weight infant [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , other studies have noted an association [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and when further risk factors are taken into account such as maternal tobacco smoking and alcohol consumption, the association remains [23, 27, 28] . While a 2010 review released by the American College of Obstetricians and Gynecologists noted that the relationship between maternal caffeine consumption and fetal growth restriction is still undetermined [33] , recent findings from two large European cohort studies point to compelling evidence for an increase in fetal growth restriction associated with increasing levels of caffeine intake, particularly for mothers consuming 200? mg of caffeine per day during pregnancy [27, 28] . While current recommendations suggest limiting caffeine intake to 200 mg/day (approximately one and a half to two cups of fresh coffee) during pregnancy [34] , the threshold of caffeine exposure has still not been well established, and a better understanding of the association between caffeine and fetal growth, especially in varying amounts and in the presence of a range of other maternal exposures, remains an important area of maternal and child health research.
This analysis examined the association between maternal caffeine consumption and SGA among live born infants using National Birth Defects Prevention Study (NBDPS) data. It also examined potential effect modification by smoking, folic acid use, and vasoconstrictor medication use during pregnancy.
Methods
Ten sites participate in the NBDPS, which has been approved by the institutional review boards of each site. The NBDPS includes case infants that have at least one of over 30 different birth defect types and non-malformed live born control infants randomly selected and unmatched from hospital records or birth certificates during the same time and geographic area as case subjects (see Yoon et al. [35] for more detail on study criteria, selection, and clinical categorizations). The NBDPS uses computer-assisted telephone interviews to collect information from mothers of case and control infants. For this analysis, only data collected from mothers of control infants with an estimated date of delivery from October 1, 1997 through December 31, 2007 were used. Subjects missing gestational age, birth weight, or any caffeine-related information were excluded. The NBDPS interview is conducted from 6 weeks to 2 years after estimated delivery. Along with questions on demographic, occupational, and medical history, participants are also asked how often they consumed a particular food or beverage during the year before becoming pregnant. Questions on caffeine intake include: how many cups of caffeinated or regular coffee, tea, and/or soda they drank; what type of soda they usually drank (subjects are given a list of common soda brands); and during pregnancy, whether they drank more, the same, or less of the beverages above (see Appendix 1 for a more detailed overview). Some caffeine-containing energy drinks, while not specifically asked about in the interview, were collected in the 'soda/soft drink' section of the questionnaire, as participants were given the opportunity to indicate, 'Other/specify' in the soda brand listing. Caffeinated beverage use during the first trimester was added to the interview for estimated dates of delivery beginning January 1, 2006, but was not included in this analysis because sufficient data have not yet accumulated on these measures.
SGA status was estimated with sex-, race/ethnic-, and parity-specific growth curves based on the methods of Zhang and Bowes [36] , and Overpeck et al. [37] . A total of 8,492 control infants without birth defects were identified for this analysis. We additionally excluded mothers reporting history of type 1 or 2 diabetes (n = 63), missing gestational age (n = 1) or birth weight information (n = 27), missing caffeine exposure information (n = 141), plural births (n = 249), missing infant sex (n = 8), race (n = 2), or parity (n = 1), or falling outside of range for calculated growth curves (n = 57).
For this analysis, we focused on three commonly consumed caffeinated beverages (coffee, tea, and soda) as well as chocolate consumed during the year before the participant became pregnant. As outlined by Bracken et al. [38] , one cup of coffee was estimated to contain 100 mg of caffeine, a cup of tea 37 mg, published amounts of caffeine contained in specific soft drinks were used to estimate caffeine contents, and one ounce of chocolate was estimated to contain approximately 10 mg of caffeine. Additional information for NBDPS interview items on caffeine exposure and calculating caffeine intake can be found in a recent analysis [39] . Total caffeine intake was categorized into five groupings: \10 mg/day, 10 to \100 mg/day, 100 to \200 mg/day, 200 to \300 mg/day, and 300 mg/day or more, which approximately correspond with the daily caffeine equivalent of less than one cup per day and, one cup, two cups, or three or more cups of coffee per day, respectively. Chocolate, which contains approximately 10 mg per 1 oz. serving, was accounted for in total caffeine intake measurements. Beverage intakes were categorized as: coffee (0 to less than one cup/month; one cup/month to 6 cups/week, one cup/day, two cups/day, and three or more cups/day); tea (0 to less than one cup/month; one cup/ month to 6 times/week; one to two cups/day; and three or more cups/day); and soda intake (milligrams of caffeine per day from all soft drinks were converted into the same frequency categories as tea based on the following amounts per serving: \34 mg = \1 serving per day, 34 to \102 mg = 1-2 servings per day, 102? mg = 3? servings per day).
Caffeine containing medication use was also evaluated (yes/no use during pregnancy) based on a medication dictionary developed by the Slone Epidemiology Center at Boston University to identify medications with caffeine as a pharmacologic component and evaluated separately from caffeine in beverages and chocolate. Caffeine-containing medications were not included in the total caffeine intake measurements as this particular exposure was collected differently than other sources of caffeine in this analysis, specifically, 3 months prior to conception through the end of the pregnancy. As caffeine containing medication use was uncommon (only four mothers of SGA infants reported use of caffeine-containing medications), this exposure was not examined further.
After construction and examination of a directed acyclic graph (DAG) representing an array of potential covariates to be considered in this analysis, the following variables were chosen which seemed to have the greatest potential for influencing the association of interest. Covariates examined in the analysis include the following maternal factors: age at delivery (12-19, 20-24, 25-29, 30-34 , and 35?); parity (0, 1, 2?); race/ethnicity (non-Hispanic white; non-Hispanic black; Hispanic; other); education (\12, 12, 12? years); pre-pregnancy body mass index defined as weight in kg/height in m 2 (\18.5, 18.5 to \25, 25 to \30, and 30?); total caloric intake; high blood pressure during the index pregnancy; folic acid-containing supplement use (yes/no use 1 month prepregnancy through the first month of pregnancy); smoking (yes/no 1 month prepregnancy through the first trimester); and alcohol use (yes/no 1 month prepregnancy through the first trimester); as well as infant sex and mother's state of residence at the time of the infant's birth (study site). Maternal exposure to folic acid, alcohol consumption, and tobacco smoking in the second and third trimesters (yes/no use second trimester through the third trimester) were also evaluated. To check for confounding by beverage source, we also used a model containing all three beverage types to check for confounding of one beverage type (e.g. coffee) by other beverage types (e.g. tea and soda).
Odds ratios and 95 % confidence intervals (CI) to assess the association between caffeine exposure and SGA were estimated using multivariable logistic regression. Backwards selection was used to assess variables in the models impacting a 10 % change or greater in the odds ratio estimates. Confounders found to produce a 10 % or greater change in the overall estimates of any of the models assessed were controlled for across all models for ease of presentation. Based on the evidence in prior literature, maternal cigarette smoking, vasoconstrictor medication use, and folic acid intake were examined as potential effect modifiers and examined for additive interaction. Smoking has been found to influence the rate of caffeine metabolism [40] , some vasoconstrictor medications have been associated with SGA births due to a proposed mechanism of diminished placental blood flow due to selective vasoconstriction of placental vessels [41, 42] , and preconceptional maternal folic acid use has been found to be associated with increased birth and placental weight [43] . Statistical interaction (multiplicative interaction) was assessed by examining a change in the -2 log maximum likelihood ratio. Effect modification in the form of additive interaction was assessed using methods outlined by Rothman [44] . Caffeine intake was examined as a continuous variable and the selected effect modifiers were assessed by calculation of a relative excess risk due to interaction (RERI), also called the interaction contrast ratio (ICR), described by Rothman and adapted for use with a continuous variable by Knol et al. [45] .
RERI values greater than zero suggest that combined exposure results in a greater than additive effect whereas values less than zero suggest a less than additive effect. Total caffeine values were divided by 300 to evaluate the effect of caffeine per 300 mg increase and a variable representing the number of cigarettes smoked from 1 month prior to conception through the first trimester was added to all parsimonious models to check for residual confounding. A Cochran-Armitage test for trend was conducted on final adjusted models for both total caffeine and individual beverages to test for dose-response relationships across increasing levels of intake. To assess the impact of later cigarette smoking exposure and folic acid intake during pregnancy, we also examined whether the number of cigarettes smoked per day in the second and third trimesters had an impact on our overall associations.
To evaluate the potential for differential length of recall bias, we conducted a Breslow-Day test for homogeneity comparing SGA and non-SGA mothers participating in the interview within 12 months from their estimated delivery date and those participating after 12 months across individual beverage types and total caffeine reported. Exposure changes were also examined for mothers reporting prepregnancy average beverage (coffee, tea, soda) intakes and whether they reported consuming less, the same, or more of these beverages during pregnancy. These exposure patterns were examined by SGA status and a Breslow-Day test for homogeneity was additionally conducted. All analyses were performed using SAS software, version 9.3 (SAS Institute Inc., 2011).
Results
Of the 7,943 eligible control infants whose mothers completed the NBDPS interview, 648 (8.2 %) were determined to be SGA. Table 1 presents the results of cross-tabulation frequencies of selected variables by SGA status for the total sample. An increased frequency of SGA infants was observed among mothers who reported smoking 1 month prior to conception through the first trimester or reported high blood pressure during pregnancy, and slightly decreased proportions of SGA births were observed among mothers reporting folic acid intake 1 month prior to conception through the first month of pregnancy compared to those not reporting such intake during this period.
Crude and adjusted odds ratios (aORs) for the association between caffeine intake and SGA were very similar (see Table 2 and Appendix 2). Increasing aORs were observed for increasing intakes of total caffeine and each caffeinated beverage with statistically significant aORs ranging from 1.3 to 2.1. Results were slightly attenuated after adding the variable for the number of cigarettes smoked per day to our models as shown in Table 2 and Appendix 2. Significant increases in our estimates were noted for total caffeine and tea intake in the highest intake categories (300? mg/day and 3? servings/day); aORs, 95 % CIs = [(1.57 (1.16-2.13)) and (2.05 (1.50-2.80))], respectively, for the most parsimonious models adjusting for maternal education, high blood pressure during the index pregnancy, and maternal smoking (one month prepregnancy through the first trimester). After additionally adjusting for number of cigarettes smoked per day, estimates remained significant, aORs, 95 % CIs = [(1.52 (1.12-2.08)) and (2.00 (1.46-2.74))]. Results for soda intake were more attenuated, aOR, 95 % CI = 1.20 (0.93-1.54) for the highest intake category (3? serving/day), and overall did not reach statistical significance for any of the categories assessed. However, a dose-response trend was noted (p-trend B 0.05 for the most parsimonious models and those additionally adjusted for number of cigarettes smoked per day). Mothers reporting usual coffee intake of once/day had an increase in SGA births in both our most parsimonious models and those also adjusting for cigarettes When we assessed for length of recall bias comparing mothers reporting their interview conducted within 12 months from the child's estimated delivery date to those completing the interview after this period, we did not observe significant differences across our SGA associations by individual beverage type or total Note Significant aORs and corresponding CIs bolded at the p \ 0.05 level Excluded subjects missing data for specific beverage types, gestational age, birth weight, multiple birth, diagnosed with preconceptional type I/II diabetes, or categorized as too big or small according to growth curve criteria [36, 37] * Test for trend significant (p B 0.05) a Adjusted for maternal education, high blood pressure during the index pregnancy, and maternal smoking during the period from 1 month prepregnancy through the third month of pregnancy b Sums may not add to total due to exclusion of records with missing values used in adjusted models c CI confidence interval d Models additionally adjusted for number of cigarettes smoked per day during the period from 1 month prepregnancy through the third month of pregnancy calculated caffeine intake (data not shown). Additionally, we did not observe significant differences across SGA status for changes in the mother's reported caffeinated beverage intake during pregnancy. Among all mothers in our sample, the majority of those reporting 'regular' (one or more servings per day) of a caffeinated beverage, reduced their intake during pregnancy of coffee, tea, or soda, with 17.3, 35.0, and 24.8 % reporting the same or more of these beverages during the course of their pregnancy.
Discussion
Overall, modest dose-response associations between caffeine intake and SGA were found. A two-fold increase in the odds was observed for high tea intake, but ORs were closer to the null for coffee and soda intake. These findings generally support previous studies that have suggested that high caffeine intake is associated with a small increase in risk of SGA. Recently, a large prospective cohort study conducted in Scandinavia found that maternal caffeine intake during pregnancy (200-300 mg/day and [300 mg per day compared to a low intake group consuming 0-50 mg/day) was consistently associated with decreased birth weight and increased odds of SGA [27] . Additionally, at least one author has found that high levels of tea slightly increased risk of low birth weight in a large population-based prospective cohort in Denmark (aOR = 1.3 (1.0-1.7) for women consuming 4-7 cups per day) [46] , although other investigators have not found significant associations between tea and SGA [16, 47, 48] . While the stronger association between high tea intake and SGA in this analysis may have been spurious or due to uncontrolled confounding, the support for a biologically plausible association between tea and SGA has generally been based on catechin content, an antioxidant found in tea. Catechin, present in tea but not coffee [49] , has been associated with reduced folic acid levels [50, 51] . In addition, a recent analysis using data from the Slone Epidemiology Center Birth Defects Study [52] points to a possible interaction effect between high folic acid consumption and tea consumption. While adequate folic acid intake is thought to support optimal fetal growth, increased levels of maternal catechin from sources such as tea may reduce folic acid levels and thereby contribute to adverse pregnancy outcomes.
A few recent studies examining maternal caffeine consumption and fetal growth have examined the influence of caffeine during pregnancy on the fetal skeletal system. One recent European study conducted by Bakker et al. 2010 found an association between high maternal caffeine intake ([540 mg/day during pregnancy) and diminished first-trimester crown rump length, and smaller femur in the second and third-trimester and birth length [21] . This is in line with a recent Chinese study [31] that found an association between maternal prenatal caffeine exposure in rats and decreased fetal femur lengths and inhibited synthesis of extracellular matrices in the fetal growth plates. The authors note that caffeine exposure was found to significantly increase levels of fetal blood corticosterone and decrease levels of IGF-1mRNA expression in the fetal liver and growth plate, pointing to a possible mechanism of action for which caffeine negatively affects fetal growth.
Additionally, maternal caffeine exposure appears to play a role in the activity of an important placental enzyme, 11b-hydroxysteroid dehydrogenase-2 (11b-HSD-2)-which is involved in the regulation of fetal growth [53] [54] [55] . A recent animal study conducted by researchers in China found that when pregnant Wistar rats were given caffeine intragastrically, prenatal caffeine significantly increased the expression of maternal and fetal blood corticosterone and decreased the expression of placental 11b-hydroxysteroid dehydrogenase-2 (11b-HSD-2) [56]-a barrier enzyme found in the placenta that protects the fetus from high concentrations of endogenous maternal glucocorticoids [57] . A decrease in placental 11b-HSD-2 activity has been associated with reduced human fetal growth [54] , although others have found no correlation between placental 11b-HSD-2 activity and birth weight in healthy term pregnancies or in pregnancies complicated by IUGR [58] . Future studies are needed to better understand these underlying biological mechanisms.
Strengths of this analysis included the ability to control for a number of maternal characteristics and a large study population which increased the ability to detect meaningful differences across strata. Also, the ability to control for the number of cigarettes per day was useful in reducing residual confounding. Estimates were closer to the null when a continuous variable for number of cigarettes per day was used compared to a dichotomous variable for smoking.
It is possible additional residual confounding could remain due to under-reporting of smoking by mothers in the study. Cotinine biomarkers collected over the course of the pregnancy would have provided a more complete picture of smoking status in our sample; however these are not collected by the NBDPS. Given the strong association between cigarette smoking and caffeine intake in both the current study and others, it is possible that conflicting evidence from earlier studies at least partially reflects residual confounding by smoking.
One of the primary limitations of this analysis involves recall of past caffeine exposure. Computer-assisted interviews used by the NBDPS are conducted between 6 and 24 months after the expected date of delivery. Recalling caffeine intake during the year prior to pregnancy may have been difficult for some mothers, resulting in misclassification of exposure. Assuming mothers with and without SGA infants had similar issues in recalling past caffeine exposure, our misclassification would most likely be non-differential, biasing our estimates towards the null [44] . While recall bias is a limitation of retrospective interview data, the NBDPS attempts to minimize this type of bias by administering the same standard questionnaire to all study participants through trained computer-assisted telephone interviewers. Additionally, all mothers used in this analysis were control mothers from the NBDPS and were thus not selected or informed they were selected as case mothers, also reducing the possibility for recall bias. We also found little evidence for differential length of recall bias in our data as we did not observe significant differences in our total caffeine and beverage specific SGA associations between mothers completing their interview within 12 months versus those completing the interview after this period. In our overall sample, the median time from the date of delivery to interview was 240 days, and for SGA and non-SGA mothers, 261 and 238 days respectively.
Additionally, other sources of caffeine such as energy drinks were not specifically queried in the NBDPS interview, which may lead to underestimates of caffeine exposure in the population, especially for younger mothers who have had more exposure to these newly marketed types of caffeinated beverages. We were also unable to assess for various types of coffee (i.e. lattes, mochas, cappuccinos), how they were prepared, or specific cup sizes. Thus, our exposure assessment did not produce a continuous variable representing a direct measure of caffeine intake or internal dose and variations in portion size may have contributed to exposure misclassification. While potential inaccuracies in our caffeine intake estimates may have been present, applying a standard conversion factor to each serving and assigning study participants into categories of low/no, moderate, and high intake can still provide important clues into usual caffeine habits.
Another limitation of the study was our inability to evaluate the influence of possible differential taste aversions between mothers with SGA and non-SGA infants. If mothers delivering healthy infants were more likely to avoid caffeine due to heightened taste aversions, a stronger relationship between SGA and caffeine consumption would be expected. Since we found only modest associations and small dose response associations, it is unlikely that differential taste aversion had a major influence on our results.
Timing of maternal exposure to caffeinated beverages may have also been problematic. The NBDPS interview questions ask about usual consumption of caffeinated beverages for the year prior to pregnancy in order to measure intake during early pregnancy, prior to any changes associated with pregnancy-related aversions or nausea. This is in line with some studies that point to the importance of early exposures to explain later impacts on fetal growth [59] [60] [61] . However, exposures in the second and third trimesters may also be relevant [17, 30, [62] [63] [64] [65] . While the NBDPS does not specifically collect data on the timing of changes in intake of the caffeinated beverages examined in this analysis, we found that the majority of 'regular' drinkers, consuming at least one serving per day of coffee, tea, or soda pre-pregnancy, reduced their intake of these beverages during pregnancy. Additionally, 49 % of those reporting 'regular' intake of at least one caffeinated beverage per day did not find out that they were pregnant until after the first month of pregnancy.
A more accurate characterization of caffeine exposure in our sample, namely, by repeatedly collecting biomarkers and administering questionnaires on caffeine intake and other confounders over the course of pregnancy, would have reduced the potential for random error in our estimates. Given the limited accuracy of the retrospective measurement of caffeine intake obtained on a single occasion in our study, we were unable to develop precise measurements of usual caffeine intake. As these forms of error in our exposure assessment would be present in both our SGA and non-SGA mothers to an equal degree, we would expect a systematic underestimation of the strength of the relationship between caffeine intake and SGA in our sample. To address the potential for regression dilution biases, due to the diluting effects of random changes in a measured exposure over a period of time and leading to underestimations of the true associations of interest [66, 67] , future studies examining caffeine and SGA would benefit from incorporating repeated measurements of caffeine intake both prior to and over the entire course of the pregnancy.
In conclusion, a modest increase in SGA births was observed for mothers with higher caffeine intake and, given the limitations of our caffeine assessment, this relationship was likely underestimated. For individual caffeinated beverages, an association was observed for tea intake, although the association was much weaker for increasing amounts of coffee and soda. Overall, this analysis adds strength to the body of evidence that caffeine intake, particularly for women consuming 300? mg/day, is detrimental for fetal growth.
Appendix 1: National Birth Defects Prevention Study interview questions used to assess caffeine exposure
Caffeinated beverages
The next questions are about caffeine. We will be asking you about your average use of coffee, tea, and soda during the year before you became pregnant. How many cups of caffeinated or regular coffee did you usually drink? When you were pregnant with … did you drink more, the same, less, or no caffeinated coffee? When you were pregnant with … did you drink more, the same, less, or no caffeinated tea? When you were pregnant with … did you drink more, the same, less, or no caffeinated sodas?
Chocolate
As part of the dietary assessment based on a modified Willett food frequency questionnaire [68] , subjects were asked the average frequency of use of food items, including chocolate (1 oz) during the year prior to pregnancy (see footnote 1).
Medications
Subjects were asked about medication use in general and in relation to specific medical conditions: diabetes, high blood pressure, epilepsy, respiratory illnesses, bladder infections, fevers, and other diseases. For each medication reported, subjects were asked about timing and frequency of use. Excluded subjects missing data for specific beverage types, gestational age, birth weight, multiple birth, diagnosed with preconceptional type I/II diabetes, or categorized as too big or small according to growth curve criteria [36, 37] a Adjusted for maternal education, high blood pressure during the index pregnancy, and cigarettes smoked per day b CI confidence interval c ICR interaction contrast ratio d Maternal smoking during the period from 1 month prepregnancy through the third month of pregnancy Appendix 5: Counts and adjusted odds ratios (aOR) for maternal soda intake and small for gestational age (SGA) status among control infants, cross-classified by maternal smoking status, National Birth Defects Prevention Study, 1997-2007
Appendix 6: Counts and adjusted odds ratios (aOR) for maternal coffee intake and small for gestational age (SGA) status among control infants, cross-classified by maternal smoking status, National Birth Defects Prevention Study, 1997 Study, -2007 
